as a cardinal measure of male competitive ability in a group of Barbary macaques living under semi-free ranging conditions. To derive competitive ability scores, we used a semi-experimental protocol where two males had to compete over access to a prized food resource (i.e. a nut) within the natural group setting. This protocol was used because it allowed the exclusion of three factors other than competitive ability (i.e. respect of ownership, social tolerance and motivation) which may influence the outcome of dyadic encounters in group-living primates. We expected that a measure of competitive ability excluding the three above-mentioned influences would correlate with some intrinsic features of males. Male competitive ability scores were calculated based on 357 nut tests. As expected, male competitive ability shows a curvilinear relationship with age (used as a proxy for male general physical condition), with young, 'athletic' males having the highest scores. However, we also found that male competitive ability scores were highly correlated with the dominance scores derived from naturally occurring agonistic interactions, which suggest that observations of spontaneous interactions may suffice to estimate the competitive abilities of individuals. We conclude that despite its limitation, the normalized David score is often preferred to ordinal ranking as an estimate of resource holding potential as originally defined (Parker G.
Introduction
Ordinal measures of competitive ability are widely used in animal behaviour studies. Generally, behavioural information is collected and arranged in a dyadic interaction matrix in which the individuals are ordered following some conventional method. One commonly used method consists in reorganizing the individuals in the interaction matrix such that some numerical criterion, calculated for the matrix as a whole, is minimized or maximized (de Vries 1998; de Vries & Appleby 2000) , thus yielding an ordinal rank order. Another type of method has also been described, where overall individual success is calculated (Gammell et al. 2003; Hemelrijk et al. 2005 ; reviewed in de Vries et al. 2006 ). This latter method has a major advantage, in that it provides a measure that allows to quantify the magnitude of 
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Cardinal scores of individual competitive ability allow us to quantify the magnitude of the difference between the competitive ability of any two individuals. However, they have rarely been used in animal behaviour because most researchers were mainly interested in ordinal ranking. In this paper, we validated the normalized David's score (David H. A., Biometrika 74, 1987, 432;  de Vries H., Stevens J. M. G. & Vervaecke H., Anim. Behav. 71, 2006, 585) as a cardinal measure of male competitive ability in a group of Barbary macaques living under semi-free ranging conditions. To derive competitive ability scores, we used a semi-experimental protocol where two males had to compete over access to a prized food resource (i.e. a nut) within the natural group setting. This protocol was used because it allowed the exclusion of three factors other than competitive ability (i.e. respect of ownership, social tolerance and motivation) which may influence the outcome of dyadic encounters in group-living primates. We expected that a measure of competitive ability excluding the three above-mentioned influences would correlate with some intrinsic features of males. Male competitive ability scores were calculated based on 357 nut tests. As expected, male competitive ability shows a curvilinear relationship with age (used as a proxy for male general physical condition), with young, 'athletic' males having the highest scores. However, we also found that male competitive ability scores were highly correlated with the dominance scores derived from naturally occurring agonistic interactions, which suggest that observations of spontaneous interactions may suffice to estimate the competitive abilities of individuals. We conclude that despite its limitation, the normalized David score is often preferred to ordinal ranking as an estimate of resource holding potential as originally defined (Parker G. A., J. Theor. Biol. 47, 1974, 223) . the difference in competitive ability between two individuals. For example, a cardinal measure reflects the observation that the difference in competitive ability between A and B is larger than between B and C when A beats B in all encounters whereas B beats C in two-third of the encounters, whereas ordinal measures do not reflect this important aspect of the data (cf. Boyd & Silk 1983;  Fig. 1 ). Yet, the cardinal score per se has rarely been used in animal behaviour studies, especially in primatology, where the use of ordinal ranking is a well-established tradition (but see e.g. Boyd & Silk 1983; Fa 1986; de Vries et al. 2006; Ostner et al. 2008) . Here, we validate a cardinal measure of male competitive ability in Barbary macaque males based on the normalized David's score (David 1987; de Vries et al. 2006) .
We define competitive ability as the 'ability of an animal to claim a resource by means of force or the threat of force ' (cf. de Waal 1989, p. 246) . The problem of deriving a cardinal estimate of individual competitive ability has two main components, the first one being the choice of the cardinal estimate per se and the second one the choice of the raw material used to derive this estimate. Rating systems for paired comparison data are widely available in the literature (reviewed in Andrews & David 1990; Albers & De Vries 2001) . We chose the David's score (David 1987) as an estimation of a male's relative competitive ability, because it shows various desirable properties (see also Gammell et al. 2003; Hemelrijk et al. 2005; de Vries et al. 2006) . First, the ratings are directly comparable among the contestants of the same group, which means that two group members with the same rating are likely to have a similar 'competitive ability'. Second, the David's score has been specifically developed for ranking objects in an incomplete or otherwise unbalanced paired-comparison tournament, where pairwise data are not available for all possible dyads (David 1987) and is thus robust against missing data (Douglas M. Andrews, pers. comm.) . Third, being a non-parametric score it does not require that the rather severe assumptions necessary for other cardinal measures of competitive ability be satisfied and does not assume transitivity (e.g. Boyd & Silk 1983) . This last property is important, because a measure of competitive ability should not assume a linear order where one top ranking individual is stronger than all others, a second ranking individual is stronger than all others except the top one, and so on, but should allow two individuals to occupy the same competitive ability 'slot' (Fig. 1) .
To derive individual competitive ability scores, one would ideally observe individuals competing against each other in purely dyadic situations. One direct and efficient way to collect reliable data would be to design a tournament, whereby each individual is experimentally induced to compete against other individuals in a series of paired encounters. This experimental protocol was successfully used among non-familiar individuals in studies of arthropods, fishes and reptiles (e.g. Austad 1983; Sneddon et al. 2000; Wong 2004; Stuart-Fox et al. 2006 ), but obvious ethical and logistical restrictions do not allow researchers to use such a protocol in many other organisms, such as primates. Here, we propose an alternative. It consists in a simple semi-experimental protocol where the study animals compete among themselves in a dyadic fashion to get access to an indivisible prized food item (here: a peanut), but do so within the group. We knew from a previous work that familiar Barbary macaque males were very unlikely to use physical aggression over access to peanuts (Preuschoft et al. 1998) . A second alternative would be to use naturally occurring agonistic interactions, but we think that the semi-experimental protocol may be preferred for the following reasons. First, winners and losers can always be identified Fig. 1 : A cardinal measure (a) reflects the observation that the difference in competitive ability between A and B is larger than between B and C, and would allow the males D and E to occupy the same competitive ability ''slot'', whereas ordinal measures do not reflect this important aspect of the data (b).
unambiguously, in contrast to situations where no resource is directly at stake. Second, the animals are tested in a standardized setting and the data can be accumulated relatively rapidly. Finally and most importantly, the protocol is designed to allow the exclusion of factors other than competitive ability that might influence the outcome of the encounters (see below), while this is generally not possible with naturally occurring agonistic interactions. In this paper, we compare the competitive ability scores derived from the peanut tests to those derived from dyadic agonistic interactions, to determine the extent to which naturally occurring interactions are affected by the three factors mentioned below.
In assessing a male's competitive ability, it is important that we can exclude the effects of confounding factors that may affect the outcome of dyadic encounters. The factors that determine dyadic contest outcome for any given species depend on the precise circumstances of the contest. In groupliving primates, de Waal (1989) identified three such factors. These are: (1) the inhibition to contest a resource already possessed by another individual (i.e. respect of ownership, cf. Kummer 1973; Maynard Smith & Parker 1976) , (2) social tolerance and (3) motivation levels (or one's lack of readiness to use one's competitive ability). In this study, we dealt with these three factors in the following way. First, respect of ownership of an asymmetrically placed peanut (e.g. an inferior rival eats the nut that is lying closer to him) was previously described among Barbary macaque males (Preuschoft & Paul 2000) . We controlled for this possible confounding factor by placing the peanut equidistant between the males, so we will henceforth ignore it. Second, de Waal (1989) originally described tolerant relationships in a group of rhesus monkeys where animals were observed to compete over a shareable resource (i.e. access to a water basin), and defined social tolerance as a 'low competitive tendency, especially by dominants towards subordinates'. Here, we used a indivisible resource and assume that the likelihood that social tolerance would be expressed by the stronger rival is very low, because being tolerant would not mean sharing the resource with another individual but giving it away altogether. Third, a pilot study conducted by one of the authors revealed that individual males were almost always motivated to eat the peanut, and showed a preference for this incentive over other types of food items such as fruits, vegetables or grains (A. Bissonnette, pers. obs.) . Consequently, we expected the motivation factor to have at best a low impact on the outcome of the tests. Motivation tests were nevertheless performed to assure that the rivals were interested in the incentive.
We expected that a measure of competitive ability excluding these three influences would correlate with some intrinsic features of males such as body mass, body size, age, weaponry (etc.), as those factors have been shown to be important in deciding dyadic encounters in organisms as diverse as insects, crustaceans and mammals (e.g. Caldwell & Dingle 1979; Clutton-Brock et al. 1979; Austad 1983; Yamane et al. 1996) . As a first step, we used male age as a proxy for male general physical condition and investigated its relationship with the competitive ability scores.
Methods

Study Species and Study Group
Barbary macaques live in multi-male multi-female groups and are considered highly seasonal breeders (van Noordwijk & van Schaik 2004; Table 12 .1). The study was conducted by E.L. and A.B. during the mating season 2006 ⁄ 07 (Sep. to mid-Feb.) at the Affenberg Salem (Germany), on one large-sized group of Barbary macaques, which inhabited a forested enclosure of 14.5-ha (for a history of the colony, see de Turckheim & Merz 1984). The study group (H) was composed of 27 adult females (>5 yr old), seven prime males (aged between 7 and 12 yr old), 17 post-prime males ( ‡14 yr old) and six juveniles. All adult animals were recognized individually and habituated to the observers. Animals were fed once daily with fruits, vegetables and grains, which were distributed in different areas within the park. The monkeys also fed extensively on natural vegetation, including leaves, herbs, grasses and bark. Water was available ad libitum. From Mar. to Nov., tourists were allowed into the park, but were restricted to a path.
Peanut Tests
The protocol used in this study was modified from Preuschoft et al. (1998) . Peanut tests were performed opportunistically by E.L. (95% of all tests) and A.B. (5%). Each test consisted of throwing a nut between two adult males (hereafter rivals). Tests were considered for further analysis if they fulfilled all of the following three conditions: (1) the rivals were sitting within 10-15 m of each other and were paying attention to the observer (i.e. the observer cracked the nut to get the males' attention), (2) no male was present in the imaginary circle whose diameter is the line connecting the rivals, although females and juveniles (which are subordinates to all adult males) were occasionally allowed within that circle if they were sitting at least two meters away from the peanut (Fig. 2) ; and (3) the peanut was equidistant between both rivals. To assure equidistance, the experimenter stood within 2 m of the imaginary line connecting the males and positioned herself at equal distance between the opponents before dropping the nut. Four tests where the nut laid closer to rival A but was eaten by rival B were also included. The identity of all third parties in sight (hereafter bystanders) was recorded according to their distance to the peanut (£10 m, £20 m, £30 m and >30 m). According to their outcomes, the tests were classified into two mutually exclusive categories: a test was either (1) 'decided' when one rival ate the nut or (2)'tied' when none of the rivals ate the nut, because a third party snatched the nut away.
Behavioural Data
Behavioural observations were conducted daily by A.B., E.L. and Nicole Bischofberger. A total of 279 h of male focal data (Altmann 1974) was collected by A.B. In addition, ad libitum sampling (Altmann 1974) was done by all observers throughout the day, whereby detailed information on agonistic interactions among adult males were recorded. Dyadic aggressive acts (open-mouth threat, lunge at, chase, slap, grab, bite) and approach ⁄ retreat interactions were used to construct the agonism matrix. If an agonistic interaction turned into a polyadic interaction, only the sequence preceeding the intervention of a third-party was considered. 
David's Score
The procedure for calculating competitive abilities based on the David's score (DS) is as follows (cf. David 1987) . First, the dyadic proportions of wins are calculated. The proportion of wins by individual i in his interactions with another individual j (P ij ) is the number of times that i defeats j (a ij ) divided by the total number of interactions between i and j (n ij ), i.e. P ij = a ij ⁄ n ij . A tied encounter counts as half a win (and half a loss) for both rivals. If i and j are not compared (i.e. if n ij = 0), both P ij and P ji are zero. The proportion of losses by i in its interactions with j is P ji = 1 ) P ij . DS for each member, i, of a group is calculated with the formula:
where w represents the sum of i's P ij values, w 2 represents the summed w values (weighted by the appropriate P ij values) of those individuals with which i interacted, l represents the sum of i's P ji values and l 2 represents the summed l values (weighted by the appropriate P ji values) of those individuals with which i interacted. Second, to obtain a distribution of scores ranging between 0 and N ) 1, the David's score was converted No adult male other than the tested males was allowed within the imaginary circle. Females and juveniles were exceptionally allowed within that circle, but only if they were sitting at least two meters away from the peanut (i.e. outside the region between the parallel lines, in the shaded zones).
into a normalized David's score (NormDS) following the formula suggested by de Vries et al. (2006) as follows:
where MaxDS(N) is the highest potential David's score that can be obtained by an individual in a group of size N (for more mathematical details see David 1987; de Vries et al. 2006 ).
Motivation
In this paper, motivation is defined as the willingness of an animal to obtain the peanut. Motivation was estimated in two ways. First, the motivation of the defeated rival was determined in specific 'motivation tests', whereby a second peanut was thrown within 5 m (i.e. out of arm reach) of the loser right after or within 5 min following the end of the test. These motivation tests were only performed when no other male (including the rival) was present within 20 m. To avoid a decrease in competitiveness in real tests after repeated exposure to motivation tests (e.g. through habituation), we performed motivation tests unsystematically and at a low rate, and avoided testing the same males on consecutive days. Second, we performed general 'motivation tests' at the end of the data collection period, whereby a peanut was thrown within 5 m of a male and when no other male was present within 20 m. The 24 adult males were tested once in each of these three time periods: (1) before the morning feeding session, when the animals were most likely to be hungry, (2) at mid-day when the animals were resting and (3) at the end of the day when the animals resumed foraging. The latency from throwing the nut by the observer to cracking the nut by the male was recorded to the nearest second.
Statistical Analyses
Pearson correlations and the non-linear function were calculated using the software jmp 7.0. We checked for the presence of outliers in the nonlinear regression by looking at the presence of unusually large studentized residuals (Quinn & Keough 2002) . All continuous variables were tested for normality with the Shapiro-Wilk test before performing the analyses. The significance level alpha was set to 0.05.
Results
A total of 357 tests were conducted, 331 of which were 'decided' and 26 of which were 'tied'. Of all possible male-male dyads 67.8% (187 ⁄ 276) were tested at least once (x = 1,range 1-4). Males were tested against 25-86% of their potential rivals ( x = 60%).57.4% (205 ⁄ 357) of the tests were performed in post-prime male dyads, 37% (132 ⁄ 357) in prime ⁄ post-prime male dyads and 5.6% (20 ⁄ 357) in prime male dyads. Prime males spent a higher proportion of their time in the trees in comparison with post-prime males during the study period and apparently avoided each other's proximity (A. Bissonnette, unpubl. data), which explains the low percentage of tests conducted within this ageclass. The test matrix with calculated w, w 2 , l, l 2 values and the resulting David's score and normalized David's score for the 24 adult males calculated from the 357 tests is showed in Appendix 1.
Effect of Motivation
We hypothesized that the relative state of motivation of the rivals might affect the outcome of the peanut tests, for example if the weaker rival is more motivated than its opponent and wins the encounter as a result. Specific motivation tests were performed after 10.4% (37 ⁄ 357) of the peanut tests and the defeated rival ate the nut 97.3% (36 ⁄ 37) of the time. This suggests that the defeated rival was motivated to eat the nut, but refrained from doing so in the presence of a rival. Identical results were obtained in general motivation tests, where the peanut was eaten by all the males in 95.8% (69 ⁄ 72) of the cases. The mean latency from throwing the nut by the observer to cracking the nut by the male was 1 AE 3 s (i.e. males generally got up immediately, walked towards and ate the nut). Thus, we can conclude from these results that males were generally motivated to compete for the incentive, and exclude motivation as a confounding variable influencing the estimation of male competitive ability.
Relationship Between Competitive Ability and Male Age
If the measure proposed here truly reflects male competitive ability, we would expect the individual scores to correlate with some intrinsic features of the males. We used male age as a proxy for male general physical condition and investigated its relationship Fig. 3 is based on the model without the outlier. Age explains 64% of the variation in competitive ability scores.
Competitive Scores from Nut Tests and Spontaneous Agonistic Interactions
We then compared the competitive ability scores derived from the peanut test matrix to the scores derived from the dyadic agonistic interactions that occurred naturally within the group setting. We could not control for possible confounding factors influencing the outcome of agonistic interactions (see above), but a good fit between both measures would suggest that these effects are generally weak. The agonistic matrix comprised 469 interactions, which represented 63.77% of all male-male dyads. Males were observed interacting agonistically with 37.5-83.3% of their potential rivals ( x = 59.4%). Spontaneous submission (i.e. approach ⁄ retreat interactions) constituted 29.3% (139 ⁄ 469) of all agonistic interactions. Only 13 physical fights were witnessed during the study period. Figure 4 compares the David's scores among males calculated from the peanut test matrix with those calculated from the behavioural matrix. Their values are highly correlated (Pearson's r = 0.724, p < 0.0001, n = 24), suggesting that the competitive ability scores derived from natural agonistic interactions are a good approximation of those obtained with a semi-experimental protocol in this study group.
Discussion
In this study, we validated the normalized David's score (David 1987; de Vries et al. 2006 ) as a cardinal measure of male competitive ability in a group of Barbary macaques. To derive individual competitive ability scores, we used a semi-experimental method where the males competed among themselves to get access to a prized food resource. Syme (1974) pointed out that a competitive ability measure must be internally valid so that it does not merely reflect the capacity of animals to perform in an experimental task. This requirement was clearly fulfilled, because no specific skills were required to obtain the peanut (e.g. no apparatus was involved). Moreover, we reasoned that if the outcomes of the peanut tests were to truly reflect male competitive ability, these should not be influenced by confounding factors such as the respect of ownership, social tolerance or the motivation to win (cf. de Waal 1989) . We designed the semi-experimental protocol in a way that we could control for the first two factors (see Introduction), and we could exclude an influence of motivation because males almost always showed a positive response in specific and general motivation tests. This result is not surprising giving that the incentive used was a peanut, which is a prized food item with high energy content.
The precision of estimates of the competitiveness of males might have been affected by an additional confound not considered in this study, namely the inhibition to contest because of the presence of third parties. The influence of bystanders on the outcome of competitive encounters was demonstrated a long time ago by Kawai (1958) , who observed that the mere presence of the mother could influence the outcome of sweet potato tests among juvenile Japanese macaques. Among adult Barbary macaques, Kuester & Paul (1992) reported that prime males which were the target of regular coalitionary aggression by older, subordinate males, could only benefit from their superior physical condition in a competitive situation if a post-prime male 'almost surely' received no aid. Thus, it is possible that prime males were less inclined to exert their priority of access when tested against a weaker post-prime male if this latter had a potential coalition partner at hand, i.e. if another post-prime male was a bystander. However, the observation that prime males showed among the highest competitive ability scores (see above) suggests that the effect of by-standers on the estimation of competitive ability scores was negligible. In any case, the proposed protocol may be useful to field biologists interested in investigating the influence of by-standers on the outcome of encounters in organisms that frequently rely on third-parties to resolve their conflicts (reviewed in Harcourt & de Waal 1992) .
We expected that a measure of competitive ability exempt of the influences mentioned above would correlate with some intrinsic features of males. Our results suggest that male age is a good predictor of competitive ability in Barbary macaques, as this factor alone could explain 64% of the variability observed. The relationship between competitive ability and age is likely to have been mediated by male physical condition, because body size, body weight and canine size also appears to follow a curvilinear relationship with age in Barbary macaque males and other primate males (e.g. de Turckheim & Merz 1984; Noë & Sluijter 1995; Setchell et al. 2006) or other polygynous mammals (e.g. Clutton-Brock et al. 1979 ). In the study group, it is noteworthy that all the 10 'athletic' prime and early post-prime males that still had intact canines showed among the highest competitive ability scores ( x = 13, range: 10.12-14.83). A positive relationship between male ordinal rank and physical condition, with prime adult males occupying top positions, was also found in other macaques and baboons (Macaca fascicularis, van Noordwijk & van Schaik 1985 , 1987 Macaca thibetana, Deng & Zhao 1987; Macaca fuscata, Sprague 1992; Papio anubis, Bercovitch 1988) . The proposed cardinal score may be useful in future studies aiming at examining the relationship between competitive ability and multiple male traits in primates and other animals (for an alternative see Stuart-Fox et al. 2006) . Physical characteristics are relatively easy to measure in captive groups and it might be possible to design some simple experiments to determine for example, the maximum amount of weight an individual can lift up (for a measure of total strength in humans see Gurven et al. 2006) . However, it would be more difficult to estimate non-physical traits such as personality traits or tactical skills which may also affect competitive ability in organisms like primates (e.g. Sapolsky and Ray 1989, Goodall 1986 ).
In sum, we think that internal validity was achieved and believe that the proposed score is likely to be a reliable estimate of male competitive ability in the study group. The fact that the competitive ability scores derived from the peanut test matrix and those derived from the behavioural matrix were highly correlated in the study group, suggests that both methods might be used as alternatives in Barbary macaques. If such a finding is replicated in studies of other species, it would permit the conclusion that observations of spontaneous interactions suffice to estimate the distribution of competitive abilities of individuals.
Does Competitive Ability Equate RHP?
Parker (1974)coined the term resource holding potential (RHP), which he defined as a 'measure of the absolute fighting ability of a given individual' (p. 225), or the ability of an animal to win an escalated fight if one were to take place. RHP has been a challenging concept to measure and behavioural biologists commonly rely on correlates of RHP in studies of aggression in animals (e.g. Haley 1994; Sneddon et al. 1997; Gherardi 2006) rather than direct measures of it. In primates, it is generally assumed that male RHP is partially reflected by his place in a linear rank order, but the difference in fighting ability between two males is also important (Noë 1994) . The measure of competitive ability proposed in this paper may thus be preferred to ordinal (Preuschoft & van Schaik 2000) . Thus, in animals that characteristically have formalized dominance relationships and strictly linear hierarchies, dominants will always induce submission in lower-ranked individuals, and the difference in normalized David scores between any two adjacent ranking individuals will be identical, regardless of the actual differences in RHP among the animals (i.e. the cardinal measure would behave as an ordinal measure, see Fig. 1 ). However, this problem is less pronounced in species such as Barbary macaques where male relationships are less clear-cut and the weaker male of a dyad sometimes wins the encounter (see Appendix 1, Taub 1980 , Brauch et al. 2008 . In this case, the proposed cardinal measure would provide a closer estimate of a male's relative RHP than an ordinal measure of competitive ability.
Second, Parker (1974) originally conceptualized RHP as an absolute measure of an individual's fighting ability. Yet, competitive ability (or fighting ability) can only be inferred from the actual outcome of dyadic encounters (win, draw or loss), because there is no independent and absolute yardstick to rate the animals' competitive ability. At best, an animal that wins a contest can be assumed to have performed at a higher level than his opponent for that contest. The inevitable conclusion is that any system aimed at rating the individuals based on the outcome of encounters produces a relative measure, dependent on the given assemblage of males present. However, this should not constitute a real problem, as long as direct comparisons in RHP measures between individuals living in different groups are not required. Despite the drawbacks mentioned above, the relative estimate of male competitive ability proposed in this paper was successfully used to test an assumption used in several models of coalition formation in animals (e.g. Noë 1994 , Pandit & van Schaik 2003 , Whitehead & Connor 2005 ) that a coalition would be successful if the sum of the competitive abilities (or fighting abilities) of the coalition partners is more than the competitive ability of their target (Bissonnette et al. in press) . 
